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xriTf'ODgction 



This th«sl« deaile with e ssetJvod of autcCTatiCAlly roflectlng tt 
Bing l«~ph« E® load so that it appears &« a balanced three-phsEi® load to 
the pcrwer supply. 

A balancing unit has lieen designed which will accomplleh this 
purpose with * rainlaua nuaber of moyiag parts and without the use of 
rotating mechinety. Buch s unit would hnve several applications in 
naval electrical Ins tallat ions. On sutnarinee in pfsrticulsr it Is 
desired to ellaln&te rotating e^ulpaent for fereral reasons, the most 
Inportaat being reduction of noise, maintenenoe, space, and weight. 

Llgi^rting, interior coffirsunioatlone, radio, rsder, fire-control 
and siialler loads on novsl vesseli may producd *n unbalance 
in the loflde on the three phases of a-c ship** sorrlce generetors. ^ 
weans of the nethod of S 3 maetri,cal components it can b® sirtcwn that un- 
balanced phase currenti in a geoerisitor will produce unbalanced terminal 
voltages which can in turn be resolved into & eat of balanced positive 
and negative secjuence coaponeat®. The ef facta of this uabalunce my be 
excessive heating of the genearator itself or local "hot Spots" In the 
vladings of induction motors* Thus, if motor eas^^^oily is United by 
the hottest phtise of t1^e stator, a 5 p«r cent unbalano® la the applied 
potentials my reduce ite capacity 1:y to 30 per eent.*^ 

The prcblom of controlling the effects of unbalsnced single-phs-se 
loads hfts led to the development of several types of p?me«~ba lancing 

w 

See Appendix A. 

♦* Reference {!.), p. 237. 
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•quipment. Rotating balimoera t«nd tc biilaueo th« ▼oltagee And ourranta 
on « power nyetm lay pertodioinlly abaorbing &t*d raotoring enargy to tho 
8 y»t«a ueing in this proeesc the energy stored by the Inertia of moving 
parts. The most important rotating phase-balanoers include the nega- 
tive-ee )uenoe «af type, the series impedance type, and the shunt laped- 
ence type with seilea cspncitor.* 

The preferable method of ph&ee-b&lancing is to employ boro sort 
of sititic network. Rafsrwace ( 3 «) lllustrftes several transformer c<xnr> 
aections which only partly accomplish the purpose. Other echemes for 
Improving the balance of systeiss by static means utilise unsymetrlcal 

transformer taps or uneymetrlo®! transfcraor volt&ges to balance fixed 
ee 

single-phase loads* However, none of tho above methods ellatnato the 
negative sequence currents. 

The method of phase-bil fencing selected for the 
purpose of this investigstien consists of & tapped 
reactor and capacitor. This method was seleoted be- 
cause it lende itself most readily to autcmatlo coDr> 
trol for balancing single-phase loads of variable 
jca&gnitude and power factor* 

The use of SRich » scheme was suggested by two applications In- 
volving a ooB»t»nt load. Reference ( 4 *) describes a unit consisting 
of *. tapped reactor and capacitor which wsts designed to balsnce a large 
slagle-phaee lo*.d to three-ph^ise aircraft inverters. Reference ( 5 .) 
describes a similar unit developed in Cripat Britain for use with else- 
trlo welding RuBChlnes. In both of the above applioatioRR, the unit 

* Ref emice (;?.), ppV *332-3^6. ' 

»♦ Ibid. 
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vaa dasigoad to balanc# a particular alngia-phasa load} and arsy dapa.iv 
tura fron thia loading raaulted in unbal&nea of tba syataa* 

It l0 tha object of thia thaalc* tharefora, to InTestigate tha 
poaalbillty of automatically changing the Inductance and cupaoitar-ce 
of such a unit ao that balanced conditions era always reflected from a 
single-phase load of Tcrylng !a^»,gnitude and pover factor. 
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PROClCSIiRg 



EXFLASATIQH OF STATIC BAlMCim METHOD 

In crrier to lood olgnlficanca to the various ct«ps In this in- 
vostlfiRtlon, It first bocomee necossaiy to ei»ov how a tapped reactor 
and capacitor can b« used to balance a ciatlc load* Figure I show® 
the flohffisatic diagram of auoh a static balancing unit, and Figure II 
ehowa the oorrespoadiag vector diagram drawn to represent balanced cxaa- 
ditlons* 5he singie-pheae load 1» connected aorca® terminals B and C 
of the three-phsfo syatca* Ihe reactor 1® connected across teraimls 
A and B and is tapped tturough the capacitor to teraiiaal C* Fbasa rota.- 



tioa is assuiaed A-B-C* Frosa Figure I« 


U) 






<2) 


Under balanced oonditionst 


(3) 



^ » I0O ^ 

If we assume no losses in the baLanoing unit and the phase currents 
in phase with the liae-to-Xine voltages, the power into the balancing 
unit oust equal the power absorbed bf the atngle-^haee load. Eeferrlng 
to Figure II, we can write t 

l0 cos 30*^ » cos d* 

♦ Kw and represent the line-to-B«utrail voltage and the line current 
of f t-eo£mect«d three-phase syetssa. E. and I, represent the load volt- 
age and current* Bote that is thus "the liae-to-ltae voltage of the 
three-phsse eysteai* 
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Sino« VI ® ^ * 

^ Ij. O-’* « 

aad Ij^ CO# <> (4) 

Tho c»|jnoitor current, X^, is asssumod leading the voltage 
lay 90®j while the »«gisetl»ing current, is aseumed to lag the voltage 
acrosB the reactor ty 90®* % u»e of the euporposltlon principles, the 

net ouri’etit through the reactor c&a ts considered a a being aade up of 
the ssagiMatiaing current, a part of the capacitor current, flowing 

between the re&ctor tap and t^rainal B, and the rmalader of the capacitor 
current, flowing between th® tap and ter^inel A. 

GBAPHIC.41. gtATic mmm. 

The value of the oepecitor and the re*ctor (imd Its tap |X>»ition) 
seeded to balsnce itny eltigle-phas© load w»s obtained by dn&wlng vector 
diagrams eisdlar to figure II for various etsaaed load conditions* 

In th© rem«.inder of this report, the tapped reactor will be coneldei*ed 
a© two independent reactors, e.g. the reactor connected between ter- 
minal A end the point ? will be designated while that connected 
between tairealaal B anJ point P will ^>e It can be ee«n that the 

following equation# applyt 
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Fljjvu*® X of Aj>p«ns3ix H 8 h<rw 0 veator dleigraaa drcvn for aov^ra.! lc»d 
powor f /actor®. Flifuro III ishowo feow with load 

power factor. 

gXPgItIMTAL VERIFICATION? Of GFA?iHGAL fcYAtIG MiMlBlS 

The n8'<t r.tep in t‘i© proeetlnrs yrs^B verify ex.p©riBJsnt4lly tho 
rsHUlt* of the grephioal etatlc an&lysle. Fi^iare III corapareB cnl-» 
C5Ul*sted Wid measured values of th« b&lnnclKf): roaetnaces, and substan- 
tla.l agreement la IndlOBied. Figure IV ooapp.res oe’iilcuiRted and a«s«ur«d 
valucB of phase currents under balanced conditions.^ Calcalated values 
are btsed upon E^iuatloa (4) which assumes no losses in the balancing 
unit. AS vac evpeoted, the Bteasured phase currents wore larger then the 
eelculatod vs luce due to some dissipation in the inductors* 

f.^isciPLE OF opimno*; of BALANC.tHG uhiy 

with the acconplishsient of these preliminary steps, the next ob- 
jective wr.« to design an eutomctio balancing unit. The fundausKital 
principle upon which our design is based can be et^ited as followgi 
If the values of the belanclag revictanees, 

1^, and 2g, are continuously adjusted so that 

the three phase currents are in pinee with the lino- 
to-line voltages, bs^l&nced phase currents will result* 

^ inductive reasoning, e» set forth in detail In Appendix B, It ©an 
be shown that a shift In any of the three ph^se curronts frm. its bel- 
enoed P'Oeition results in an unbalanced syctosai cosaver sely, when the 

♦ !>ata for Figures III and IV will be found In Tables I and II of 
Appendix D, 
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thr®» phs-se currents ar® In phase vith the lin»-to-llne voltsgas, bal- 
anced currents retnilt. This principle was yerlfled experiwentally when 
the data of Figures III and IV was obtained* The balancing reactanoeo 
were adjusted succeaslrely until each phase current was In phase with 
Its llce>to-llRe roltage (as Indicated by Llssajous Figures on a CfK) 
ectfim), and it was noted that this process always produced a balanced 
system* 

Stated siaply, the problem of designing an automatic balancing 
unit now becomes a matter of making the balancing reactances change in 
respcmse to phase differences between the pJ»ts« currents and the line- 
to-llne voltages* Jlgure V(a) shows in block diagram foit# how v« pro- 
pose to accoapllsh this* The differential and the block t combined 
represent an error senaitlTe element vhoee output, V^, ia a function of 
the phase dlffer«atce between the phase current end the llne-to-line 
voltage* Block ^ (x) represents a which causes the balancing 

renotsnee, X, to change in ecoordance with the polarity of Finally, 
the balancing reactance operates to olmngs the phase position of the 
phase current to complete the feedback loop. 

How this system aooompllehee Its purpose can be explained by oon~ 
elderlng the factors which determine the position of the phase curnmts* 
Cmblning Equations (3) and (7) we havet 
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FIGURE ^ 



C E TAILS or PROPOSED 



PH/ASE 

ERROR 



B/ALANCING 









£1ao« position of point F* i» figure IX ie « function of the velue 
of ell three balancing react&noes, ve can vrltet 

^ < V \2' V 

^jja * ^ ( V *ti» V 

Conelderiag figure II In eonj^atotion with the «»bov« equation# it cen be 
Been thet X^, hs« the preposaderent effect ujxjn an»3 that by edjuetlng 
it alone^ we cen change 1^ to mintala In phfi^se with V^g. Thle i« 
the funoticm of Feedback Loop #1* Sljidlt.rljr, 3Cj^ hae the preponderant 
effect upon and br ndjjuetlng it alone ve can change to maintain 
I^g in ph&m with '''u- Thie 1» the function of Feedb**.ck Loop #2, 

It should be noted that no fecdbsi.ck loop van employed to main- 
tain In plv&m with deferring to Figure III we cmx see tnat 

there in alaoet a ccmat&nt mtlo between and in the range of 
load power factors between »3 and *8 and that thie r^tlo varies only 
•lightly at higher power factor#* In consideration of this fact, it 
wae decided to eliminate the third feedback loop by coupling the 
reactance directly to X^, ly «®ane of a constant gear ratio &e shown 
In figure V(a)* 

It should now be<n»ae obrlous that the system fuiKstions on the basis 
of a siep*lsr-8tep process as the two feedback loops eontimoualy correct 
\l* **4*2* balanced phase wirrents are obtained. 

Mimm mi 

The error sensitive element la a Differential Ealf-Ware Phase 
Detector whose output voltage, V^, Is a ftmctlon of the phase angle, 
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QXlstine b«ivMn th» two Iz^put Yolts-gos* A dotallod ex;,‘>Iuiii.tlon of 
this circuit is iacluiflod ia Appendix B* Aa h-C bridge network was aa- 
ployed to shift the lin«-to-lin® Yoltage Iqr 90® before it was coupled 
to the phase detector reference input. A voltage proportional to the 
phase ourreats w*e ofeUlned by ineertlng >-ohm resietors in lines B end 
C and coupling the voltages ficroes them to the ph&ae detector eiganl 
input by Beans of e transformer with negligible aagnetiaiug current. 

Referring to Figure V(b), ecntrol of the 2-phsee servo motor is 
echievod by means of a ccsabinatlon of relays and selmlm rectifiers 
wJiich control one field wiiaiing and SLake the motor turn in the proper 
direction in reiiponse to the j/olarlty of V^* 

The method used to obt&in a variable recctanee was to reflect a 
fixed inductor or cajaicitor frcaa the secondary winding of a Veriec, which 
is the trade name for an adjustable auto-triRneforaer. The contact arm 
of the V&riac is driv«i by the servo aotor through a &t©p~dowji gear train. 
The fixed reactance is thus reflected to the output tersslnals of the 
Varlac by the scjuare of the Vferiable turns ratio. In the preliminary 
inveetlgs-tions of this thesis, it was proposed to obtain variable la- 
duoteno© by meens of a magnetic aaplifter whose control winding would be 
excited by the phase detector output voltage. This scheme was subse- 
4j\iently atasndoned because of excessive distortion In the output eurreat 
of the Ms.gn»tic aapllfler, 

A final point la this eectlca concerns the tetter of coespensation. 
Tttchcoaotric feedback was ©i3pl<yed to improve the stability of the system 
and provide more perfect follow-up. Tixe tachometer was geared to the 
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«h3ft ef th« servo aK>tor» aiw 3 the voltage genertttec! w«te wibtrRcted froa 
&0 «^ovn In Figitro V(b) . 

DATA tAKFSi Q« AUTCKJi.TIC EALAMCIHG UKIT 

The fine! step in the prooedittre v&» to record the stetlo and 
djrwjsi© p«rfor?aenc« of the bnlencing unit which wee designed* Steady- 
state cheracteristice were obtained by recording for each pJi«iee current 
lie aagaitude, mvefora, end the Lieeajoue Figure which resulted between 
the ph*®e current end ite llne-to-line voltage* Transient reeponse det» 
vae obtained by jseens of a blfilar oscillograph which recorded the tran- 
sient nature of the three pheee currents when the siagle-phaee lond was 
abruptly changed* 
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HESDLYS 



Th« etxiJerinaental vork undertaken in this layeetigjRtion confiraed 
the principle that «n automatlo bnlanclng unit could be designed to 
reflect bsleaced three-phefse currents froa a single-phase lond of vrirl- 
eble »agolt»^e and power factor. 

cip.c0it mmm 

Figure VI is a sohmatic diagr&e of t>ui beXanoing unit. Figure 
XIV of Appendix D shows Talues end data for each item of equipssont used. 

STEAI3I-STATF Caj.RACTEHISTICS 

Figure VII is e plot of the values of the three phase currents 
versus load power factor for balanced conditions. Table III of Appendix 
D gives the data for Figure VII. Table IV of Appendix D shove the current 
waveforms end corresponding Llesejous Figures for the steady-state char- 
acteristics of Figure VII. 

TRAlSglfllT RfgPOWra 

Figure VIII shows the transient response of t^ie phase currents to 
(e) e step cimngs from no-load to full-loi^d and (b) a step oliange from 
full-load to no-load conditions. 

Figure IX shows the transient response of the phase currents to 
(*) a step incriMise la load and (b) a step decrease in load. 
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FIGURE W 



TRANSIENT RESPONSE OF BALANCING UNIT 




34 



O Uc 



(B) FULL-LOAD TO NO-LOAD 



NOTE: ACTUAL CURRENT l/ALUES 
ARE GIVEN IN AMPERES. 
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FIGURE 3X 



TRANSIENT RESPONSE OF BALANCING UNIT 
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.JO .4^ l4,c 



(A) STEP INCREASE OF LOAD 



14 SECONDS 




(B) STEP DECREASE OF LOAD 



NOTE- ACTUAL CURRENT VALUES 
ARE GIVEN IN AMPERES. 
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mPCV3Sm OF MSGLTS 



mmk 

An of th« rosulte will be mad® with two viewpoint® in 

aludj (1) the power level end (i?) th® objective of th« thesle. Pri- 
sKirtly, the objective w&a to end conotx'uct a network which would 

ectiOftlly convert thre»-pha.©e power Into eingl«-pha»« power, and secondly 
to design the network with & sfelnlaRffl of movlBig parte and vacuum tubes. 

Ae stated in resmlts, the prlsary objective wae fulfilled. In 
addition, pov*"T factors were liepro'imd to .S66 in th® three-phase «y«te«. 

The deeign of a similar unit to convert Binglo-phae® power to three-phs®® 
power WAS not attestpted but aay be pursued furtiier. 

ClHCmf 

The two *a1o emponeat® of the balancing unit are (l) the error 
sens! bl TO element *nd (2) the means of obta.lning Vi<jri«.ble reJMstsace 
(Fig. H, Fli. XIV). 

The phase detector wee satisfactory in ©very respect. There were 
no asoving parts in the phase shifter or ph&s® detector, and th® diod® 
rectifiers could ©asily be replaced with eeleiiiua rectifiers. The twin- 
diod® otttxmt currwit was of the order of 3 »a. More output currant at 
this point would h^ve loaded the slgml voltage from the (s®sll resistor 
la th® lie®. Groater output current frosa the detactor could have been 
achieved using current trtmsformers in the line and the seleniu® rectifiers 
aentioned previously. 

Variable resctanc® waa obt&lned Igr the use of » V&ri&c which reflected 
Its secondary impedance into th® circuit by the sqxiar® of the turns r^tlo. 
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'Th» Vnriao 1» mg ©rjly aonjitnact.-‘-*d, v rlible 

auto-transfomer vith simple, direct motion, r-*iuirinj3 little m?/.l«tem\nce* 

A manll mrvo motor wte used to physically position th.« VarlfcC, mid there- 
hy intrcK?\icod movlcg parte for the* first tlmo» Tb© mgnetic a m plifier 
or mturablo-core reoctor dlBcu«G0(i!. i» the Proccdura proved infe-asible 
l)©on:.sr> of the Irrgo h.-a’tnonia content in ItJs Itn poesiblo further 

adaptation should not be ignored* Another ]>on«ibillty for achieving vnri- 
nble refi.ctance i^Athout moTing perhn raey be the use of a tarwjhanging 
tr^'Usf crater, the taps beia,t fictiwxted by relays in roipiontial order* 

The sermro motor used to ixtsition the Vertec va« a t’^c-pharo, A-irstt 
motor, Alv-rn«tively, a .ismll d-c motor wnld huve suf flood, Tlie pov^er 
for the tiic-phepe motor vas supplied If appropriate tr«ne former arrange- 
nente from the three-phsi?® lines, t^dnee the error f?tgnal frt>m the detector 
was d-c, It ves necDCBrry control the a-c pover of the too-phase motor 
bj' relays- (See Appendix C). A modulator and power dri-vdlng one 

phase of the motor woe considered but oltmimted because of the intro- 
fhicticn of V’cuum tubes* It Ister proved necoaeaxy to trlnp: vaemum tube 
arpllfierc into the circuit rlncc the otirront output of the dot'»ctor wes 
insufficient to ectxiate the rt«jlaye used. The use of rclaye vae ecn- 
tinued, however, In the expectetlon that at higher pow-^r the mv- 

pliflcro WOTld l>e unneceres-ij. If amplification in needed, mwgnetlc 
esplifiers rasy bs used to anmtre the elimination of v?jcuum tube®, 

Frcffl the n&tur® of the feedback, loop wjd the characteriKetion of a 
jwssittonal servo with inertia, the motor outjMt would iie oscillatory. 
Either friction on the shaft or a voltage proportional to motor output 
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t-patiA ha.4 to be fod back to da»p tJae ooollletlon. The is, iter (t^oho- 
iRfttrio foedbsck) m.s esRployed *»d enn.bled tbe um of saucb static 

gjsdbi is the aiyetaa* k sciMwie for dyn«iittio brsJkln,g of the motor ohnft In 
iii& relny deed stone it considered Iti l.pp«Rdix C* 

The flUOOOB© of the circuit ee ooaetruoted ic 
believed euffieient to varrant an rngitsemrixi^ contract 
for Uie design md coastruction of s 4 to 10 KVA setup, 
Cc^repsrlscna ehcaild bo at»de vita exlatlEif piimm cooverter 
^stents* 

In this rfep>eot it awy be noted that m in3r®»g-9 in syrtt<se frft^juency 
( 1 . 0 , 4^X5 cyolftf) would reduce ih% eiae of tiis re?»etcj*8 by the ratio of 
the frecuenclet. 

gTriST-^gTATg CHAFACrm^TICS 

l'ig\ire VII shove t^is 9tes(djr~*t‘ste line currents plotted ag^tinet 
load power factor#. The differeneee between the theoretical »«d ob- 
serYad balanced currentB are due to thx^e ©ffectei (1) phase ourresite 
not exactly in plm&s vith ilBe-to-linc voltages^ (2) reelet^noe losses 
in the inductors and losses in the Verlao, and (3) harmonics la the 
currents due to son~lin®9-r eieoent# or saiur&tioa. Items (1) aad (3) 
have only * reactive power effect which la generally less thrm tite 
original Blngle-phase reactive load* The three region# of Fiipre VII 
oorrespondiing to the above effects are indicated on the Graph es Ip II# 
and III. 

Hegion I is oau«ed l:y the feet thet 1« not in phaef# with 
as indie* ted in Table IV, Appsendlx In the design of the syst«a, 
and Xg were asaumed to have a constant ratio, «aid were thus coupled to- 
gether, Figure ni(«) indicate# a pronounced departure from thi« ratio 
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abovu load pow»r faotors of .8. Draahod oui’vn* on figure VII were ob- 
tf’ioed fcy uncoupling end and tneo aftamally adjusting Xj^ to 
keep in phase with ’^*0 a« indicated by a LiBsajoua figure on the 
GIRO, If lo«ds are exi^ected In the region of #8 to 1.0 power factor, 
three separate feedback circuit* should be used to balRuce the current*. 

Eegion II is what would aomo.lly' be expected froei such a. unit, l.e. 
the difference between theoretical and obsenred walues approxifaetely 
equal® the losses of the cystea. Higb-‘i inductors o^ita b© easily laade 
with higher efficleiscles reimlting. The brush drop of the Varlec m&y 
be reduced with proper design. The use of relays to oontrol the serro 
iROtor jaskes their Idling losses nil, and the detector power looses can 
also be aade negligible, overall efficiency gre&t-^r than 905t sheuld 
be easily attained. 

heglon III is due to the saturation of which oceured at & power 
factor of about .6. The curr*ont mting in the secondary winding of the 
Vari&c he,® been excesKled and tms haraonica hssve boem introduced into 
the phsice eummts as indicated in Table IV, Appendix D. Appendix C 
discusses in aiore detail the ectual aaturstion of and how to prop- 
erly design the elements to niniraiae ixsn-lineorities. 

Vlth three feedback loop® adjusting Xj^^, and 
entl with the proper design ratings of eleaerot®, rs- 
sulte epproximtlng the theoretical oui-ire of Figure VII 
could be obtained for any opera ting region of load 
power factor. 
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Figures VIII and IX elacjw t^« trstneleat r««pona« obtained Igr apply- 
ing step changes of load. The tiia© scale and ms values of initial and 
final currents ar® indicated. The cirrect deflection scales were not 
identical due to unequal, line resistors and osoillogreph gains. 

The no-lo&d currents indicated In Figure VIII could not be detected 

on the ssametcrs used, but they should not be sore than the no-load loss 

of the three Varices. This is given a© 3 vntts m.ch (at 115 r) rerolting 

la & total no-load lose of 5*'«? watts (at v). 

l/3 

Transitory oscillation® vere of no laportanoe since in eveiy ease 
balanood conditions vere produced in less tlmn 10 seocmds. This response 
tine is considered saple vhen coap<sred with the nature of the exi»ct©d 
lo:^.d fluctuations. An Isaprovment in respong© could be achieved with 
tlic use of dynssslc braking s.s discussed in Appendix C. 
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coHaugiOKS /,MD RECcmim.moss 



COHCLUSIO!IS 

Ba<!9d Upon th« results of this ihre»tigatlon| It is coiusluded thnt 
& l»le»oliig ualt can be designed to acoospllsh automatic three-pha&e to 
eingle^pheee pover coaTereloc with a vdnlsmi ouaber of moving psrts, no 
vacuum tubes, and without the use of rotating machinery. In addition, 
it aay be poealble tc apply this scheae to the conversion of single- 
phase to three-phsse power. 

The following Is «. list of recciBesended improvmsnts In the design 
of an automatic balancing unit with a view toward possible engineering 
developnenit 

1, Eelenliaa rectifiers should replace the vacuum tube rectifiers in 
the phase detector circuit. 

2# A current transforaior should be used to c«»iple the lino currents 
to the phase detector signal inf»ut. 

5* A ^rd feedback loop should be employed to adjust in response 
to the phase error of 

4. Control of the two-ph&se motor may be impi-oved by the schemes 
outlined in Appendix C. 

5. Kagnetic amplifiers lasy be used to provide arsy afaplification re- 
quired in a developed mit. 

6. The possibility of using saturable-core reactors or tup-changing 
transforaera to obtain variable reecUncef st^uld be investigated. 

In addition. It is recommwided that a belaaotng unit of this type 
be adapted for single-phase to three-phase power conv-arelon. 
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A??SKSIX A 



aTFi-LIMn^TAPOC ISTFX^iyJCTIOK 

SOTE £F ERBOK (U) and (5.) 

It i« of Intarnst to point oat m arror ccmon to Rafortnco* 

(4.) and (5c) whioK vlll Ib^v# «n laiportant al^yiifioanoe to on® inten- 
«stsd In OftXoulatiag Tr»la«s of awl by maans of f*qu%tlon» 

( 5 ), (6)> and (7). With raforanoa to Figura II, both author# showod 
th« locus of point P ?.& tt straight lin* joining A and B* This would 
be tra® If the only current through the reactor vas the rp,«gnatlalng 
current, HowoTsr, einae tha reactor current is mde up of and 

portions of Iq, the voltsge across the resotors must lead the ramtlt&nt 
current by as shown in Figure II, This place* the locus of point ? 
outside the triangle ABC (see Figure X of Appendix E)« is tlius the 

vector sua of and ^P3* the voitsgef aeroea and resneetlvely* 
Failure to reoogniae this jicint would ls?id to istrge errors in cal- 
culating the values of reactances needed to obtain balrinoed conditions, 

HAf.q APFLICATIOKS 

Although there have Ijcea sorae probleraa in connaction with convi^rtiilg 
three-phase tc eingle-phas© jjower on iM.vni purfstee vessels, they have 
been solved eatlafsotortly without the use of balancing aquipaiont. 

Tiie type of balancing unit which v« rrive designed would have an 
isfcsadiate application in fleet type gubaarlnss for converting single- 
ph'xee to three-phase power. On fS 213-313 the only e-c power av<iilable 
is froKs three 15 EVA, 60 c^ale, slngle-php.ee output motor-generstors, 

* Heferenees (lO.) and (ll,)» 
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vhil« oa 315 ap, this powtsr ic aupplisd frm four to six 
12 KVA, 60-cycl9, Blngl©-phss«» output aotor-*geaorator seta. fl®ctroTiio« 
aad ordnaaee r 0 .:iuir«a«fata «ro eucti that roteting cjhciila®ry ia 'being used 
to supj.ly H.pproxt’astoly 6 KVA, 120 volt, threo-ph--A.se, 0«5 pover factor 
lo^ids in the first oaae and &pproxlaate.ly 2 KVA, 120 volt, th,r»®~pmtP 0 , 
0«5 pO'fmT faotor loads ia the latter* 

On the lisitest class of eubsnarlnoB (SS 563), thi*ee-phase siotor- 
geaerator seta »up^^ly both b-iree-ph&s® and slagle-p?mf« lo»ds* It may 
le toat & phase Iselencing vmlt could be used advants.geously to supply 
the cingle-phase load. 

The Bureau of Ships h?3s received several requests for infort.ic.tion 
regarding threo-phe.oe to slngle-pliase pov-.-r conv«?r6ioa. One wst® ia con- 
aeetlc® with & portable radio set in which a three-phfes*e gs.nerator vas 
used to supply both three-phase end g;tagl€H-ph®.s@ power* AaoUier inquiry 
concerned a school installation ia which a fairly considerable block of 
singles-phase power was needed for the or,er».tion of isynchros* 



»i»^iwt mmi $0^9^ Jf9 U 

^ ^ . 4 --i 

»■•« 0n*4 •! 'tMMMM — iMilW lU# iJWi ^l Jiii t iA 

Wvy^f ^ . — 4 ili^ lU ^ • Hi>i— ■♦ it 

r^< ■■■<! iKi^ At J 9 T i Ai ^ »nM M # -Mfl 

#Mi 4 4 if it •#•< »A 

«|t^ Hf «ii% tMtii «*i i4 

VV fi ,um$ g 4 it» lt — li r ^ «t*i^ V*r«^ mtmmm^ 

n 

•mm IV *J» A ^munmm mmm m >^ ai ^ t '»«4Sv^ 

ci»aPM«w m mm mtmi • sOfi «• M •Uw'lAIMw g#u al A ^ 

Vi vitii gNi^iiBV tM<A tiAw <t ■iliHiiVfT i i W 

iivifc ■ u mm • m uirfi 



- ^ 





PBOOF OF rKIKGIPLK OF 0P:EJIATJ0K OY AUTOMATIC SALAXlCIt^G OBIT 



In th« ProcpKiur® It is that fis autorotie bslartclng unit 

4<|^^?lgn^K! to f\:notlon on th« prlncii^l* that s b?,lftisoed t*xr*«>~ph.^i«a 
load will b« rpilsctsd to tbo aouroo If tho ph&n» cttrrsnta ar« natatained 
in phase with the llne-to~lln« Yoltages, To prove thi« w« jsustt eaploy a 
pTOoess of inductive reasoning* Referring to Fiifire II, let ub imagine 
the situe.tion whloh would result 11,^ with the syetsaa Inltiallj feslanoed, 
vai? suddenly Increnjred to make the na^itude of about half that 
shown, Kime the current in line G must e-iual the vector s;ja of and 
1^ would now lag hy r amall angle and baoorae greater in ,«»g^i- 

tiide than the vector shown. Asafusaing that the reuctore were not changed, 
the vector X,^ would remain unch^inged. Since 1^-, is now smaller than 
before, both 1^^^ and al®o become sw-ller In magnitude. It oan 

ROW be seen that will become greater in raagriltirie and slightly 
changed in direction due to the change in I^. The mgnitude of will 
be slightly decreased and it will now an appreciable angle* 

Thus we »ee that all three currecta, I^, and have become ua- 

b&lanoed in magnitude and phase due to shifting only froa its proper 
position, /Ipplying & eiatl'^r croeees of rea.Boaing to a suabsr of dif- 
ferent ssffiiaaptioae leads to the eonolussion stated previously ttmt the 
^stm will b« bmlancod only if the bsiaKoliig refectances .are adjusted 
so tSsat e;?,ch pha.se current is in phase with the ;.<rop«r llne-to-Xine 
vol t?s g® • 
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mmsMTm mm. 

T!i« oircult dlagrm &nd vector diegrsta of the phase detector are 
ohcnm in Figure XI. The reference voltage «uet be ehifted 90® to elia- 
tnate the ambiguity et j?S ** 0 snd also to afford greater aeosltivlty* 

Thus it c«in be seen that If the sign®! end reference voltages ere in 
phase (0 » Q), the vectors ^ and Eg will be equal in laagnitude, ^ 
means of the fssaoothlng R-C oircult, direct voltage® approximately equal 
to the magnitude® of and Eg will be produced at the output termlrmls. 
Since the polarities of these voltages are opjsoelng, the output voltage, 
will be *«ro. 

If there is a phase angle, between the signal and reference volt- 
ages, will be related to by the equation 

^^|2 E^ sin * 

which shows that Is a function of both and 0* In order to make the 

o s 

error voltage independent of the m&gnltude of the phase currents, the 
line-to-lic« voltage of the three-phase system was used as the reference 
voltagei and a volt^ige proportional to the phase current was introduced 
as the signal voltage. 
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SATOBATION OF 

To achi«T 0 proper rstiage of the Variao, It is neeessaxy to estab- 
lish tti» range of power ffictors to be encountered, i*e. power factors a 
and b of figure XII (B,)* Then the coupled inductor on the Varleo is 
x^(for Sal) and the following relations hold* 

*/*, = 

% » « “ Ij (9) 

To design the network in order to achieve as hi|^ a power factor a» 
possible for balance, ims purjsosely aade low (60 ohas or *33 p*u* 
for Ij^ « *6 asape). This permitted theoretical balance at a p«>wer factor 
of *95* it power factor * *6, however, the per unit Xjj^ retjuired was 
2*4jt ejad with a base current of *6 aape, the secondary ouri*ent w-as *73 a».ps 
(Bee Sqxiatlons (8) and (9) above)* This current is rapidly approaching 
the ?&rlac rating of 1 amp and thus saturation occurred with heraonios 
being Introduced (Tsble XT)* 

The fimxl3sum current ratings of the V&rlac can be designed, however, 
to prevent saturatl<m over any range of load power factors* If eoapleta 

range of power factors is to be reached, periodic paralleling of indao- 
*b 

tors (l.e# steps of /* * 4 9) would pemlt the ourr^t rating of 

the Varlso to be of the order of two or three times the theoretical I^, 
and thus Materially reduce the required rating of the Variac on 

X ^2 and X^, have no wide range of reactances when Ij^ la constant, 
and they merely ssuet be of the seine order of current rating a s tlie single- 
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p!w»®e loTid. With deorea®# In lo»d «Rirr«nt, th« reect^aca rarlaa na 



TV0-»?aASE ?Cm)E CQSTBDL 

Threa eohaaae of obtaining polarity BonaltiTo motor control are 
ahovn In Figure ZXIX* 

Schene I Indies tee the method need In th© fcalanclng olroxiit as 
deeigned. If a elgnal hae been applied and the laotor le running, & de- 
ereaea of the el^oal will perslt the relay la use to open. Instead of 
coftsting quickly to a atop, the motor oontinuoa to run due to its Inertia 
and the single-phase torque of Field A« Sufficient damping we# present 
so that this was not a serious objection, but 90h<a»ee II and III show 
two alternate methods for handling this situation. 

f-cb^e II consists of relay coils similar to cehoffie I, but the relays 
are double contact arrangements peraitting op«ming and closing of the 
two fields sleiultaneously. The method le advantageous since it eliminates 
the single-phase driving torque and also the no-load loss In Field A. 

B9ham III uses dynamic braking during the norsaally-open periods 
of relaye 41 and #2 by the use of « third, normally-closed rel«y which 
shunts Field 8. Belay #3 must in addition be set to open at a lower 
voltage than the noraally-open relays #1 and #2 close, and conversely, 
relay #3 must close at a lower volts'ge than relays #1 aond #2 op®n. No 
rectifier la provided In the coll of relay j?3 since it »ust act as indi- 
cated above in reepon*!© to a signal of either polarity. 
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(1) AH quatmtitie© «r« p®r unit. 

3.,0 p®r unit current » 

X,0 per upit Tolteee - ’iiB^-to-lloe 

(2) See Figure II for eotfitlon* 

(3) Kiie d&U is plotted on Fig!ire III (solid lines). 

(4) Cftloul?ntions vere «j«de using Iqueticms (5)-^ (6), end (7). 
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with Xq, Lead, and la phases A, B, and C* 






^ :¥^ ^ 

M. <m. 

iTs, ^ 

^ %» 
A* %t #* 

%i^ w ^ 

1^. 1^ #♦ 




4l -• 





J 

• 




1# 






— 


• 






fM 


i9« 






«H 




Ui 


4|. 


«l 


iM 




IK 


ii^ 


%• 


m 


rtt 




• » 




t' 


HI 


•n 








m 


iK 


•♦w 


•f» 


w 


«M 




tf. 


IK 


V IT 


£2J 





%jm 






*•? 


m%m 




A 


- t 


j;T ^ 


— 






iU 


ar» 




4* 


m* 




4a1 






lU. 




iM 


^*1 


ii« 






tiif 






Hi 


tx 


Qtt 


law 


_ JU«i 


fm 








1^ Al»l 


•*r 




tf«tf 






WH 


>• 






IM 





un* 

i-^M? (j3 

it . mmm mmrn^ 



- 20 - 



(2) App^rjatusi 2 flx»d Inductors (*5ii) 

2 Tiirlfible po^fder oor® Inductors 

.Ih to 1.0b (4.3 ohmfi/.lh) 
l.Oh to 10 b (46 olws/h) 

1 dac&de cap&cttor (.01 to 10 jlf) 

6 4C ajaT^eters (sccttracy 3$) 

1 slide vlre resistor (lOOO ohms) 

C.E.0, and 

(3) locuraoy of phase seesrurement using C.K.O. vss - 10^ »t 
low power factor# luad - 1S£ at high power factor# 

(4) Acscuracy of balance v&s affected by the fact that tJie powder 
core in<tactors could only b© ad;ju8t«d in ICfJfi steps. 
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